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Multiferroic  materials,  which  offer  the  possibility  of 
manipulating  the  magnetic  state  by  an  electric  field  or 
vice  versa,  are  of  great  current  interest.  In  this  work, 
we  demonstrate  the  first  observation  of  electrical  control 
of  antiferromagnetic  domain  structure  in  a  single-phase 
multiferroic  material  at  room  temperature.  High-resolution 
images  of  both  antiferromagnetic  and  ferroelectric  domain 
structures  of  (OOI)-oriented  multiferroic  BiFeOs  filnns 
revealed  a  clear  domain  correlation,  indicating  a  strong 
coupling  between  the  two  types  of  order.  The  ferroelectric 
structure  was  measured  using  piezo  force  microscopy, 
whereas  X-ray  photoemission  electron  microscopy  as  well 
as  its  temperature  dependence  was  used  to  detect  the 
antiferromagnetic  configuration.  Antiferromagnetic  domain 
switching  induced  by  ferroelectric  polarization  switching 
was  observed,  in  agreement  with  theoretical  predictions. 
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Magneto  electric  coupling  in  multiferroic  materials  has 
attracted  much  attention  because  of  the  intriguing 
science  underpinning  this  phenomenon  and  the  exciting 
application  potential  in  multiply  controlled  devices^“^.  Several 
composite  materials,  consisting  of  separate  piezoelectric  and 
magnetic  phases,  have  been  reported  to  show  magnetoelectric 
coupling  at  room  temperature^’^,  a  requirement  for  device 
applications.  However,  the  availability  of  room-temperature  single¬ 
phase  multiferroics  is  very  limited^^.  Among  the  few  room- 
temperature  single-phase  magnetoelectric  multiferroics  reported 
so  far^S  BiFeOs  shows  the  highest  ferroelectric  polarization, 
with  a  ferroelectric  Curie  temperature  (Tc)  of  "^1,100  K  and 
an  antiferromagnetic  Neel  temperature  (T^)  of  '^640K.  Both 
ferroelectricity  and  antiferromagnetism  have  long  been  known 
in  BiFeOs  single  crystals^^“^^,  and  recent  studies  of  BiFeOs  thin 
films have  confirmed  the  existence  of  a  large  ferroelectric 
polarization,  as  well  as  a  small  magnetization,  both  of  which  are 
consistent  with  theoretical  predictions^^’^^.  Although  the  possibility 
of  coupling  between  the  ferroelectric  polarization  and  the  weak 
ferromagnetism  has  been  investigated  using  first-principles  density 
functional  theory^^  there  have  been  no  previous  investigations 
of  the  coupling  between  ferroelectricity  and  antiferromagnetism 
in  this  material.  In  addition  to  its  fundamental  interest,  such 
a  coupling  would  offer  the  intriguing  possibility  of  electric- 
field  controllable  ferromagnetism  through  exchange  bias  to  an 
electrically  controllable  antiferromagnetic  component. 

In  this  work,  we  image  the  antiferromagnetic  domain 
structure  of  BiFe03  films  and  record  the  changes  induced  in 
the  antiferromagnetic  domains  on  switching  of  the  ferroelectric 
polarization.  We  use  600-nm-thick  BiFe03  films,  deposited  on  a 
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Figure  1  Schematic  diagram  of  (OOI)-oriented  BiFeOs  crystal  structure  and  the  ferroelectric  polarization  (bold  arrows)  and  antiferromagnetic  plane  (shaded 
planes),  a,  Polarization  with  an  up  out-of-plane  component  before  electrical  poling,  b,  180°  polarization  switching  mechanism  with  the  out-of-plane  component  switched 
down  by  an  external  electrical  field.  The  antiferromagnetic  plane  does  not  change  with  the  180°  ferroelectric  polarization  switching.  c,d,  109°  (c)  and  71°  (d)  polarization 
switching  mechanisms,  with  the  out-of-plane  component  switched  down  by  an  external  electrical  field.  The  antiferromagnetic  plane  changes  from  the  orange  plane  to  the 
green  and  blue  planes  on  109°  and  71°  polarization  switching  respectively. 


conducting  SrRu03  bottom  electrode  on  SrTi03  (100)  substrates 
by  off-axis  sputtering  and  pulsed  laser  deposition,  as  our  model 
system.  Ferroelectric  measurements  confirm  a  large  polarization 
value  of  55—60  [iCcm^^  along  the  surface  normal,  corresponding 
to  a  spontaneous  polarization  of  90— 95[iCcm“^  along  the  [111] 
directions  of  the  rhombohedral  unit  cell.  Magnetic  measurements 
show  a  weak,  saturated  magnetic  moment  of  8— lOe.m.u.  cm“^, 
which  is  consistent  with  the  magnitude  of  the  canting  of  the 
antiferromagnetic  sublattices  calculated  for  BiFe03  in  the  absence 
of  the  long-wavelength  spin  spiral  observed  in  bulk  single  crystals^k 
The  ferroelectric  domain  structure  is  both  imaged  and  switched 
using  piezoelectric  force  microscopy  (PFM).  The  antiferromagnetic 
domain  structure  is  studied  before  and  after  electrical  poling 
using  photoemission  electron  microscopy  (PEEM)  based  on  X-ray 
linear  dichroism  (XLD)^^’^^  at  beamline  7.3. 1.1  of  the  Advanced 
Light  Source.  We  observe  antiferromagnetic  domain  patterns  which 
correlate  clearly  with  the  ferroelectric  domains,  as  well  as  electrical- 
poling-induced  antiferromagnetic  domain  switching;  this  is  the 
first  demonstration  of  magnetoelectric  switching  in  a  single-phase 
material  at  room  temperature. 

Bulk  BiFe03  is  a  room-temperature  ferroelectric  with  a 
spontaneous  electric  polarization  directed  along  one  of  the  [111] 
axes  of  the  perovskite  structure^^’^^  (Fig.  la).  The  ferroelectric  and 
accompanying  distortions  reduce  the  symmetry  from  cubic  to 
rhombohedral,  and  therefore  the  ferroelectricity  is  accompanied 
by  a  ferroelastic  strain  resulting  from  the  distortion  of  the  lattice. 
The  ferroelectric  polarization  in  BiFe03  can  have  eight  possible 
orientations,  corresponding  to  positive  and  negative  orientation 
along  the  four  cube  diagonals,  and  the  direction  of  the  polarization 
can  be  switched  by  180°,  109°  and  71°:  see  Fig.  lb,c  and  d 
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respectively.  (Note  that  by  ‘switching’  we  mean  reorientation  of  the 
polarization  to  a  stable  state  that  remains  after  the  field  is  removed.) 
Switching  of  the  polarization  by  either  109°  or  71°  changes  the 
rhombohedral  axis  of  the  system  and  is  therefore  accompanied  by  a 
switching  of  the  ferroelastic  domain  state. 

The  antiferromagnetic  ordering  is  G-type;  that  is  nearest- 
neighbour  Fe  moments  are  aligned  antiparallel  to  each  other  in 
all  three  cartesian  directions'^  In  bulk  BiFe03,  the  orientation 
of  the  antiferromagnetic  vector  follows  a  long-wavelength  spiral, 
which  is  believed  to  be  suppressed  in  thin  films^^.  Our  earlier  first- 
principles  calculations  of  the  magneto  crystalline  anisotropy  energy 
showed  that  the  preferred  orientation  of  the  individual  spins,  in 
the  absence  of  the  spiral,  is  perpendicular  to  the  rhombohedral 
axis^h  Within  the  corresponding  (111)  plane  there  is  a  sixfold 
degeneracy,  resulting  in  an  effective  ‘easy  magnetization  plane’  for 
the  orientation  of  the  magnetic  moments.  The  orientation  of  the 
antiferromagnetic  sublattice  magnetization  therefore  seems  to  be 
coupled  to  the  ferroelastic  strain  state  of  the  system  and  should 
always  be  perpendicular  to  the  ferroelectric  polarization.  As  a  result, 
polarization  switching  by  either  71°  or  109°  should  change  the 
orientation  of  the  easy  magnetization  plane.  For  example,  if  the 
polarization  is  switched  by  109°  from  the  [111]  into  the  [ill] 
direction,  the  easy  magnetization  plane  should  change  as  indicated 
in  Fig.  Ic.  (Figure  Id  shows  the  analogous  case  of  71°  switching.) 
Therefore,  it  follows  that  ferroelectric  switching  should  lead  to  a 
reorientation  of  the  antiferromagnetic  order  and  that  interesting 
magnetoelectric  switching  effects  can  be  expected  to  occur  in 
BiFe03  films. 

All  three  types  of  ferroelectric  polarization  switching  were 
observed  in  our  previous  PFM  study  of  epitaxial  thin  films 
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Figure  2  PFM  images  showing  polarization  domain  structures  of  (OOI)-oriented  BiFeOs  film.  a,b,  Out-of-plane  (a)  and  in-plane  (b)  PFM  images  of  the  as-grown  film. 

(g)  and  the  arrows  represent  the  directions  of  out-of-plane  and  in-plane  ferroelectric  polarization  components,  respectively.  c,d,  Out-of-plane  (c)  and  in-plane  (d)  PFM  images 
taken  after  applying  an  electric  field  perpendicular  to  the  film  on  the  same  area  as  in  a  and  b.  o  indicates  that  the  out-of-plane  polarization  component  was  switched  by  the 
applied  electric  field.  The  arrows  in  d  indicate  new  in-plane  polarization  directions  after  ferroelectric  switching.  Different  polarization  switching  mechanisms  are  labelled  in  d. 


deposited  on  a  (001) -oriented  substrate^^’^^,  as  shown  in  Fig.  2. 
In  this  work,  we  study  the  effects  of  these  switching  processes  on 
the  antiferromagnetic  order,  to  verify  the  theoretical  predictions 
outlined  in  the  previous  paragraph.  First  we  measure  the  PEEM 
signal  from  our  sample,  which  allows  us  to  extract  the  XLD.  We 
then  measure  the  temperature  dependence  of  the  dichroism  to 
separate  the  contributions  from  the  magnetic  and  ferroelectric 
ordering.  Finally,  we  switch  the  ferroelectric  polarization  using 
PFM,  and  record  the  effect  on  the  dichroism;  from  this  we  extract 
the  effect  on  the  antiferromagnetic  ordering  of  switching  the 
ferroelectric  polarization. 

The  XLD,  which  we  image  using  PEEM^^’^^,  can  have  two 
possible  origins.  In  non-ferroelectric  antiferromagnets,  such 
as  LaFe03  or  a-Fe203,  asymmetry  of  the  electronic  charge 
distribution  due  to  magnetic  order  causes  a  difference  in  the 
optical  absorption  between  orthogonal  linear  polarizations  of 
light^^’^^’^^“^°.  This  is  manifested  as  a  dichroism  in  the  X-ray 
absorption,  which  can  be  used  to  distinguish  different  orientations 
of  antiferromagnetic  domains.  The  magnitude  of  this  magnetic 
dichroism  scales  with  the  average  of  the  square  of  the  magnetic 
order  parameter,  as  a  result  it  is  sensitive  to  the  axis  of 
magnetization  (but  not  the  direction)  and  reduces  to  zero  at 
and  above  the  Neel  temperature.  Non-magnetic  ferro electrics  also 
show  linear  dichroism  because  their  ferro  electricity  causes  an 
asymmetric  electronic  charge  distribution.  Therefore,  in  a  magnetic 
ferroelectric  such  as  BiEe03,  both  the  antiferromagnetic  ordering 
and  the  ferroelectric  ordering  can  contribute  to  the  dichroism, 
with  the  magnitude  of  the  dichroism  determined  by  the  relative 
strengths  of  the  two  contributions,  and  the  relative  orientations 
of  the  antiferromagnetic  and  ferroelectric  domains.  The  spatial 
resolution  of  the  PEEM  technique  is  around  50-100  nm;  see  refs  28, 
29  for  details. 

Figure  3a,b  shows  PEEM  images  of  the  same  region  of  the 
BiFe03  film,  with  the  sample  in  Eig.  3b  rotated  in-plane  by 
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90°  relative  to  Eig.  3a.  Note  that  we  took  a  series  of  PEEM 
images  at  different  X-ray  photon  energies  around  the  Fe  L3 
edge,  and  found  that  the  linear  dichroism  has  opposite  values 
at  the  two  L3  absorption  peak  positions  as  in  the  structurally 
similar  antiferromagnets  hematite  and  lanthanum  ferrite^^’^^.  All 
the  PEEM  images  shown  in  this  paper  are  obtained  by  dividing 
the  image  intensity  at  each  data  point  for  the  first  L3  peak  by  the 
corresponding  intensity  at  the  second  peak.  We  define  the  linear 
dichroism  value  as  the  difference  in  intensity  between  the  dark-  and 
bright-tone  regions  in  the  PEEM  images.  It  is  clear  that  rotating 
in-plane  by  90°  causes  a  reversal  of  image  contrast;  this  can  be 
seen  clearly  in  the  finger-like  patterns  at  the  centre  of  the  images. 
This  reversal  confirms  that  the  PEEM  signal  is  due  to  dichroism 
rather  than  an  artefact  of  surface  charge  distribution^ ^  because 
any  dichroism  that  results  from  non-uniformity  in  surface  charge 
is  independent  of  the  X-ray  polarization  direction  and  photon 
energy.  Figure  3c,d  shows  in-plane  PFM  images^^’^^  of  the  same 
region  of  the  film,  again  with  the  sample  in  Fig.  3d  rotated  in 
plane  by  90°  relative  to  Fig.  3c.  There  are  two  points  to  note. 
First,  as  in  the  PEEM  case,  rotation  by  90°  causes  a  reversal  of 
image  contrast.  Second,  the  PEEM  and  in-plane  PFM  images  are 
essentially  identical.  Therefore,  the  ferroelectric  domain  structure 
imaged  using  PFM  correlates  with  the  dichroism  structure  imaged 
using  PEEM. 

Next  we  separate  out  the  relative  contributions  of  the 
antiferromagnetic  and  ferroelectric  domains  to  the  dichroism, 
using  temperature-dependent  measurements^^’^^  of  the  XLD  from 
room  temperature  to  800  K.  On  heating,  the  antiferromagnetic 
contribution  to  the  dichroism  must  reduce  to  zero  at  the  Neel 
temperature  (~640K),  whereas  the  ferroelectric  contribution  can 
persist  up  to  the  ferroelectric  Curie  temperature  ("^1,100  K). 

In  Fig.  4  we  show  our  measured  results  for  five  samples; 
numbers  1-3  were  recorded  during  heating,  whereas  4  and  5 
were  recorded  during  cooling.  In  all  cases  the  PEEM  images  were 
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Figure  3  PEEM  and  in-plane  PFM  images  taken  in  the  same  area  of  an  as-grown  BiFeOs  film.  a,b,  PEEM  images  before  (a)  and  after  (b)  90°  in-plane  rotation  between 
the  two  images.  The  arrows  show  the  direction  of  X-ray  polarization  relative  to  the  domain  structure.  c,d,  In-plane  PFM  images  before  (c)  and  after  (d)  90°  in-plane  rotation. 
The  arrows  show  the  direction  of  the  in-plane  component  of  ferroelectric  polarization. 


captured  from  the  same  area  of  the  BiFe03  film  after  waiting  30  min 
at  each  temperature  to  allow  thermal  equilibration.  The  data  in 
sample  2  were  recorded  on  an  electrically  switched  area  (see  later 
discussion),  whereas  the  others  were  recorded  on  unswitched  areas. 
We  see  that  in  all  cases  the  linear  dichroism  signal  drops  rapidly  on 
heating  above  room  temperature,  with  only  ^^50%  of  the  room- 
temperature  XLD  value  remaining  at  the  Neel  temperature;  this 
reduction  is  recovered  on  cooling.  The  XLD  scales  with  (M^),  the 
thermal  average  of  the  antiferromagnetic  order  parameter  as  shown 
in  Fig.  4  (see  refs  23,28  for  details  on  calculating  (M^)).  The  XLD 
data  in  Fig.  4  closely  follow  this  curve  up  to  the  Neel  temperature. 
The  XLD  signal  does  not  change  significantly  between  the  Neel 
temperature  and  800  K.  It  is  known  in  bulk  BFO  that  the  order 
parameter  for  ferroelectricity  does  not  change  much  below  its  Curie 
temperature  ('^1,100K),  which  is  illustrated  by  the  plots  of  Fe 
and  Bi  ionic  displacements  (from  ref.  13)  in  Fig.  4.  To  investigate 
the  ferroelectric  order  parameter  in  the  600  nm  BFO  film,  we 
also  plot  the  temperature-dependent  out-of-plane  lattice  parameter 
obtained  from  X-ray  diffraction,  and  the  ferroelectric  polarization 
obtained  using  high-frequency  ferroelectric  pulse  measurements. 
Similar  to  bulk  BFO,  the  600  nm  BFO  film  shows  very  little  change 
in  the  ferroelectric  order  parameter  from  room  temperature  to 
800  K  and  the  order  parameter  change  correlates  with  the  high- 
temperature  XLD  signal.  A  PFM  measurement  also  confirmed  the 
existence  of  stable  ferroelectricity  in  the  BFO  film  up  to  800  K  (data 
not  shown  here).  The  bulk-like  behaviour  of  the  order  parameter 
is  consistent  with  earlier  first-principles  computations^^’^^  and  with 
the  fact  that  minimal  lattice  strain  is  expected  in  the  600  nm  film^®. 
We  therefore  conclude  that  the  high-temperature  XLD  signal  results 
from  the  ferroelectric  ordering,  and  the  signal  below  from  the 
sum  of  the  antiferromagnetic  and  ferroelectric  contributions.  At 
room  temperature,  the  magnetic  and  ferroelectric  components  are 
of  roughly  equal  strength  and  have  the  same  sign. 

We  now  turn  to  the  question  of  whether  ferroelectric 
polarization  switching/ rotation  can  switch  the  antiferromagnetic 
domain  through  the  coupling  of  both  order  parameters  to  the 
ferroelastic  domain  structure,  as  outlined  in  the  beginning  of 
this  paper.  Figure  5a,b  shows  our  PEEM  results  for  the  BiEe03 
film  before  and  after  electrical  poling,  with  the  corresponding 
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Figure  4  Temperature  dependence  of  normalized  order  parameters  of  BiFeOs. 

The  linear  dichroism,  out-of-plane  lattice  parameter  and  ferroelectric  polarization 
are  normalized  to  the  values  at  room  temperature;  the  Bi  and  Fe  atom 
displacements  and  (M^)  are  normalized  to  the  values  at  0  K. 


in-plane  PEM  results  shown  in  Fig.  5c,d.  The  poled  area  is  outlined 
by  dotted  boxes  in  each  figure.  We  know  from  the  out-of-plane 
PFM  images  (not  shown)  that  ferroelectric  polarization  switched 
under  the  applied  bias,  that  is,  —12  V.  To  unambiguously  identify 
the  polarization  direction  in  each  domain,  in-plane  PFM  scans 
have  been  taken  along  two  orthogonal  (110)  directions  (only 
one  shown  here).  The  different  switching  mechanisms  were  easily 
distinguished  by  superimposing  the  in-plane  PFM  images  taken 
before  (the  greyscale  image)  and  after  (the  coloured  image) 
electrical  poling  along  the  same  direction,  as  shown  in  Fig.  5e. 
Owing  to  the  image  distortions  associated  with  the  inherent  drifts 
in  contact-mode  imaging,  the  match  is  not  perfect.  The  three 
possible  switching  mechanisms  appear  with  different  colours  as 
marked  in  Fig.  5e.  This  image  serves  as  a  guide  to  identifying 
regions  that  exhibit  different  switching  mechanisms  in  Fig.  5a-d. 
For  example,  regions  1  and  2  correspond  to  109°  switching,  region  3 

nature  materials  I  VOL  5  I  OCTOBER  2006  I  www.nature.com/naturematerials 


©2006  Nature  Publishing  Group 


ARTICLES 


Figure  5  PEEM  and  in-plane  PFM  images  of  the  same  area  of  a  BiFeOs  film  before  and  after  electrical  poling.  a,b,  PEEM  images  before  (a)  and  after  (b)  poling.  The 
arrows  show  the  X-ray  polarization  direction  during  the  measurements.  c,d,  In-plane  PFM  images  before  (c)  and  after  (d)  poling.  The  arrows  show  the  direction  of  the 
in-plane  component  of  ferroelectric  polarization.  Regions  1  and  2  (marked  with  green  and  red  circles,  respectively)  correspond  to  109°  ferroelectric  switching,  whereas  3 
(black  and  yellow  circles)  and  4  (white  circles)  correspond  to  71°  and  180°  switching,  respectively.  In  regions  1  and  2  the  PEEM  contrast  reverses  after  electrical  poling, 
e,  A  superposition  of  in-plane  PFM  scans  shown  in  c  and  d  used  to  identify  the  different  switching  mechanisms  that  appear  with  different  colours  and  are  labelled 
in  the  figure. 


to  71°  switching,  and  region  4  to  180°  switching.  Both  71°  and  180° 
ferroelectric  switching  do  not  change  the  in-plane  projection  of  the 
ferroelectric  and  antiferromagnetic  order  parameters  (Fig.  lb,d), 
and  thus  cannot  be  detected  by  the  current  PEEM  setup  with  a 
fixed  X-ray  polarization  direction  parallel  to  the  sample  surface.  As 
a  result,  there  is  no  observable  contrast  change  in  regions  3  and  4, 
although  switching  might  have  occurred.  (Note  that  the  discussion 
later  will  show  that  the  ferroelectric  and  antiferromagnetic  coupling 
in  the  71°  ferroelectric  switching  region  might  have  a  complicated 
behaviour.  The  PEEM  results  at  least  confirm  that  the  in-plane 
projection  of  the  antiferromagnetic  axis  is  not  changed  by  the  71° 
ferroelectric  switching.)  Our  following  discussion  will  focus  on  the 
regions  with  109°  ferroelectric  switching. 

As  can  be  seen  in  Fig.  5,  the  PEEM  images  from  the  same 
area  track  the  changes  in  the  PFM  images  in  the  region  with  109° 
ferroelectric  switching:  the  PEEM  contrast  reverses,  either  from 
bright  to  dark  (for  example,  region  1)  or  vice  versa  (for  example, 
region  2),  on  ferroelectric  switching.  The  expected  PFM  and  PEEM 
contrast  changes  under  the  current  experimental  condition  after 
ferroelectric  polarization  switching  are  summarized  in  Tables  1 
and  2.  Einally,  we  note  that  the  dichroism  value  (that  is  the 
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Table  1  PFM  contrast  change  after  ferroelectric  polarization  switching. 


Switching  mechanism 

PFM  with  cantilever  along  (110) 

In-plane 

Out-of-plane 

71° 

Unchanged  light* 
Unchanged  dark 
Unchanged  white 

White  ^  dark 

109° 

Light  ^  white 

Light  ^  dark 

White  ^  dark 

180° 

Unchanged  light* 

White  ^  dark 

White  ^  dark 

*  Indiscernible  without  sample  rotation. 

difference  in  intensity  between  the  dark  and  bright  domains)  and 
temperature  dependence  are  unchanged  by  the  electrical  switching, 
confirming  that  the  antiferromagnetic  domains  are  switching 
with  the  ferroelectric  domains.  (If  the  ferroelectric  polarization 
switched  without  reorienting  the  antiferromagnetic  axis,  then  the 
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Table  2  Expected  X-ray  magnetic  linear  dichroism  (XMLD)-PEEM  contrast  change 
after  ferroelectric  polarization  switching. 


Switching  mechanism 

XMLD-PEEM  with  X-ray  E  vector  along  (110) 

(image  at  the  first  L3  peak/image  at  the  second  L3  peak) 

71° 

Unchanged  bright 

Unchanged  dark 

109° 

Bright  ^  dark 

180° 

Unchanged  bright 

Unchanged  dark 

ferroelectric  component  of  the  XLD  would  change  sign,  whereas  the 
antiferromagnetic  component  would  not.  As  a  result,  the  dichroism 
value  in  the  switched  area  would  have  a  smaller  value  and  a  different 
temperature  dependence.)  Pioneered  by  Ascher  and  co-workers 
on  Boracite^  in  1960s,  electric  control  of  a  magnetic  domain  has 
been  reported  on  several  materials,  including  YMn03  (ref.  4).  The 
current  result,  however,  goes  further  than  the  earlier  work  because 
it  is  (1)  at  room  temperature;  (2)  on  thin  films,  which  is  more 
favourable  for  applications;  and  (3)  with  an  active  control  unlike 
in  the  YMnOs  case^.  To  our  knowledge,  this  is  the  first  observation 
of  ferroelectrically  induced  antiferromagnetic  switching  at  room 
temperature.  Very  recently,  an  exchange  bias  coupling  between  an 
antiferromagnetic  BiFe03  layer  and  an  adjacent  ferromagnetic  layer 
has  been  reported^^.  By  combining  the  ability  to  ferroelectrically 
control  antiferromagnetism  (as  revealed  in  this  work)  and  the 
ability  of  antiferromagnetic  modulation  of  ferromagnetism^^,  an 
ultimate  electric  control  of  ferromagnetism  can  be  achieved. 

We  now  recall  that  the  first-principles  calculation  of  the 
magneto  crystalline  anisotropy  in  bulk  BiFe03  predicted  a  sixfold 
degeneracy  of  the  orientation  of  the  antiferromagnetic  sublattice 
magnetization  within  the  (111)  plane^^ .  In  such  a  case  we  would,  in 
principle,  expect  to  see  many  different  antiferromagnetic  domains 
within  each  ferroelectric  domain  with  different  projections  of  the 
antiferromagnetic  order  parameter  on  the  polarization  direction 
of  the  X-ray  beam.  However,  in  the  PEEM  measurements  it 
seems  that  every  ferroelectric  domain  coincides  with  only  one 
antiferromagnetic  domain.  This  could  either  mean  that  the  sixfold 
degeneracy  is  broken  in  the  films  so  that  only  one  possible 
orientation  of  the  antiferromagnetic  axis  with  respect  to  the 
ferroelectric  polarization  occurs,  or  that  we  see  only  an  ‘effective’ 
projection  of  the  antiferromagnetic  axis,  averaged  over  all  six 
possible  orientations  because  of  the  resolution  limits  of  the  PEEM. 
The  sixfold  degeneracy  could  be  lifted,  for  example,  by  a  small 
monoclinic  strain,  which  could  indeed  occur  in  a  BiEe03  film 
grown  on  a  (001)  substrate;  although  the  homogeneous  strain 
in  the  600-nm-thick  films  used  in  our  experiments  seems  to  be 
fully  relaxed,  a  small  inhomogeneous  strain  component  could 
nevertheless  still  persist.  Furthermore,  the  degeneracy  of  the 
magnetization  direction  could  also  be  lifted  by  other  effects  related 
to  the  presence  of  the  surface  and  the  substrate.  The  discussion  of 
the  coupling  between  ferroelectric  and  antiferromagnetic  switching 
presented  in  the  next  paragraph  is  basically  independent  of  the 
precise  mechanism  behind  the  symmetry  breaking. 

We  now  investigate  the  effect  of  a  small  monoclinic  strain  on 
the  easy  magnetization  direction  by  carrying  out  first-principles 
calculations  of  the  magnetocrystalline  anisotropy  of  BiFe03, 
analogous  to  the  calculations  of  ref.  21,  but  with  a  slight  monoclinic 
distortion  of  the  unit  cell  vectors.  After  relaxation  of  all  ions 
within  the  distorted  unit  cell,  we  calculate  the  relative  energies 
for  different  orientations  of  the  antiferromagnetic  axis.  As  a  result 
of  the  monoclinic  distortion,  the  degeneracy  is  lifted  and  we 
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find  that  an  orientation  of  the  antiferromagnetic  axis  parallel 
to  the  [llo]  direction  is  preferred,  that  is,  perpendicular  to  the 
rhombohedral  axis  but  simultaneously  parallel  to  the  (001)  plane. 
As  the  [llo]  direction  is  perpendicular  to  both_  the  [111]  and 
[111]  directions,  but  not  perpendicular  to  [III],  in  this  case 
we  would  expect  the  antiferromagnetic  axis  to  rotate  by  90°  for 
the  ferroelectric  109°  switching  and  to  be  preserved  during  the 
71°  switching.  The  observed  change  in  XLD  contrast  in  the  case 
of  ferroelectric  109°  switching  is  consistent  with  this  scenario, 
although  further  experiments  are  required  to  fully  establish  the 
exact  coupling  scheme.  In  particular,  an  exact  experimental 
determination  of  the  orientation  of  the  antiferromagnetic  axis 
within  the  observed  domains,  for  example,  through  an  XLD -based 
PEEM  measurement  with  different  X-ray  polarization  directions, 
would  provide  valuable  further  insight.  A  setup  that  will  facilitate 
such  experiments  is  currently  under  construction  at  the  Advanced 
Light  Source. 

Einally,  we  point  out  that  the  weak  ferromagnetic 
magnetization  in  BiFe03  is  perpendicular  to  both  the  ferroelectric 
polarization  and  the  antiferromagnetic  axes^h  Therefore,  similar 
switching  effects  can  be  expected  for  the  weak  magnetic  moment, 
although  the  experimental  observation  might  be  even  more 
difficult  due  to  the  small  size  of  the  corresponding  order 
parameter.  In  particular,  the  ‘reorientation  behaviour’  of  the 
ferromagnetic  moment  is  complementary  to  the  behaviour  of 
the  antiferromagne_tic  axis,  that  is,  if  the  antiferromagnetic  axis 
is  oriented  along  [llo]  (or  equivalent  directions)  the  ferromagnetic 
moment  is  along  the  [112]  direction,  and  is  expected  to  reorient 
in  the  case  of  the  71°  switching  and  to  be  preserved  during  the 
109°  switching. 

In  summary,  we  have  observed  a  coupling  between 
ferroelectricity  and  antiferromagnetism  in  BiFe03  thin  films, 
which  can  be  understood  to  result  from  the  coupling  of  both 
antiferromagnetic  and  ferroelectric  domains  to  the  underlying 
ferroelastic  domain  structure.  Such  a  coupling  is  a  crucial  first  step 
in  the  exploration  of  approaches  to  control  and  switch  magnetic 
properties  using  an  electric  field. 
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